The NMDA receptor plays an important role in patterning neural connectivity in the developing brain. In the adult brain, repeated kindling stimulation of limbic pathways increases the NMDAdependent component of synaptic transmission in granule cells of the dentate gyrus (DG) and also induces sprouting of the mossy fiber axons of granule cells that reorganizes synaptic connections in the DG. Because the NMDA antagonist MK801 impedes the progression of kindling, it was of interest to determine whether MK801 also modified mossy fiber sprouting. Low doses of MK801, which had no antiseizure effect, impaired the progression of kindling and development of mossy fiber sprouting during the initial and also more advanced stages of kindling. These observations demonstrate that the NMDA receptor is a component of a molecular pathway that influences the progression of kindling and mossy fiber sprouting and suggest that NMDA-dependent gene expression may play a role in the development of long-term structural and functional alterations induced by seizures in hippocampal circuitry. The NMDA receptor appears to play a continuing role in modifying the organization and patterns of connectivity in hippocampal circuits of the adult brain.
The NMDA receptor plays an important role in patterning neural connectivity in the developing brain. In the adult brain, repeated kindling stimulation of limbic pathways increases the NMDAdependent component of synaptic transmission in granule cells of the dentate gyrus (DG) and also induces sprouting of the mossy fiber axons of granule cells that reorganizes synaptic connections in the DG. Because the NMDA antagonist MK801 impedes the progression of kindling, it was of interest to determine whether MK801 also modified mossy fiber sprouting. Low doses of MK801, which had no antiseizure effect, impaired the progression of kindling and development of mossy fiber sprouting during the initial and also more advanced stages of kindling. These observations demonstrate that the NMDA receptor is a component of a molecular pathway that influences the progression of kindling and mossy fiber sprouting and suggest that NMDA-dependent gene expression may play a role in the development of long-term structural and functional alterations induced by seizures in hippocampal circuitry. The NMDA receptor appears to play a continuing role in modifying the organization and patterns of connectivity in hippocampal circuits of the adult brain.
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Kindling is a model of brain plasticity in which repeated activation of neural pathways induces increasing susceptibility to evoked seizures and eventual progression to spontaneous seizures (Goddard et al., 1969) . There has been considerable interest in understanding the molecular and cellular processes that underlie the permanent alteration in brain function induced by kindling, which is a model of temporal lobe epilepsy (McNamara, 1994) and memory dysfunction (Sutula et al., 1995) . Because the dentate gyrus (DG) plays a role in the development of kindling, there has been particular interest in the molecular and cellular alterations induced by kindling in this structure (Frush et al., 1986; .
The initial electrographic seizures evoked by kindling induce a long-lasting increase in excitatory synaptic transmission , which is at least partly mediated by the NMDA subfamily of glutamate-gated ion channels in granule cells of the DG (Mody and Heinemann, 1987; Mody et al., 1988) . This initial physiological alteration is accompanied by a complex, evolving sequence of gene expression, which includes transient increases in expression of transcription factors (Dragunow and Robertson, 1987; Shin et al., 1990; Morgan and Curran, 1991; Labiner et al., 1993; Hope et al., 1994; Hosford et al., 1995) and more slowly evolving changes in neurotrophins (Gall and Isackson, 1989; Ernfors et al., 1991; Gall, 1993; Lindvall et al., 1994; Khrestchatisky et al., 1995) , neurotrophic factor receptors (Bengzon et al., 1993; Bugra et al., 1994) , and axonal growth-associated proteins such as GAP-43 (Bendotti et al., 1993; Meberg, 1993) .
The initial seizure-induced alterations in NMDA-dependent synaptic transmission and gene expression are followed by more slowly evolving cellular alterations that include sprouting of the mossy fiber pathway in the DG (Sutula et al., 1988; Cavazos et al., 1991) . Sprouting of the mossy fiber pathway establishes new synaptic connections in the supragranular region of the DG (Sutula et al., 1988; Cavazos et al., 1991) , where mossy fiber terminals are not normally found (Claiborne et al., 1986) . There is considerable uncertainty about the overall effects of sprouting on excitability of hippocampal pathways (Tauck and Nadler, 1985; Cronin et al., 1992; Sloviter, 1992; Buhl et al., 1996) , but recent studies have provided evidence that sprouted mossy fibers modify the sequence of synaptic events in the DG (Golarai and Sutula, 1996) and may increase recurrent excitation (Waurin and Dudek, 1996) . Mossy fiber sprouting, which progresses with repeated kindled seizures (Cavazos et al., 1991) and is observed in a variety of experimental models of epilepsy (Tauck and Nadler, 1985; Represa et al., 1989a; Stanfield, 1989; Golarai et al., 1992; Qiao and Noebels, 1993) , is also a feature of human temporal lobe epilepsy (de Lanerolle et al., 1989; Represa et al., 1989b; Sutula et al., 1989; Houser et al., 1990) .
There is relatively limited understanding about how the initial seizure-induced changes in synaptic transmission and gene expression are translated into long-term structural and functional alterations that are characteristic of the kindled state. Although the NMDA receptor plays an important role in shaping the connectivity and organization of circuitry in development (Cline and Constantine-Paton, 1990; Shatz, 1990) , it is not clear whether the NMDA receptor continues to directly influence the organization and connectivity of neural circuitry in the adult brain. Because MK801, an uncompetitive blocker of the NMDA receptor-gated channels (Lodge and Johnson, 1990) , impedes the progression of kindling at doses that have minimal or no antiseizure effect (Callahan and Schwark, 1980; Bowyer et al., 1983; McNamara et al., 1988; Sato et al., 1988; Gilbert and Mack, 1990; Giorgi et al., 1991) , it was of interest to investigate whether the NMDA receptors play a role in translating the initial effects of seizures into long-term structural and functional alterations of neurons in the DG. The aim of this study was to analyze the effects of MK801 on the correlation between evoked seizures, progression of kindling, and mossy fiber sprouting in response to repeated electrical stimulation of the perforant path. A preliminary report has appeared in abstract form (Koch et al., 1994) .
MATERIALS AND METHODS
Surgical procedures. Sprague Dawley male rats (250 -350 gm) were anesthetized with pentobarbital (60 mg/kg, i.p.) and were stereotaxically implanted with an insulated stainless steel bipolar electrode in the left perforant path for stimulation and recording. The electrode was implanted in the region of the angular bundle (8.1 mm posterior, 4.4 mm lateral, 3.5 mm ventral from bregma) and was fixed to the skull with acrylic. Electrode placement was confirmed by histological analysis at the conclusion of the experiments.
Administration of MK801. After a recovery period of 2 weeks, rats were randomly assigned to groups that received either MK801 [(ϩ)-5-methyl-10,11-dihydroxy-5H-dibenzo-(a,d)-cyclohepten-5,10-imine maleate] at a dose of 0.5 mg/kg or an equivalent volume of 0.9% (w/v) aqueous NaCl administered subcutaneously 30 min before kindling stimulation. This dose of MK801 was chosen, because previous studies have demonstrated that a dose of 0.5 mg/kg impedes development of kindling but has minimal anticonvulsant activity against fully developed kindled seizures (McNamara et al., 1988; Sato et al., 1988) . MK801 was injected 30 min before kindling stimulation, because peak effects of the drug were apparent at this interval after subcutaneous administration, as indicated by impairments including reduced spontaneous motor activity and postural instability (Löscher and Hönack, 1991) .
Kindling procedures and analysis. The unrestrained awake animals from the MK801 and control groups received once-daily kindling stimulation (5 d per week) with a 1 sec train of 62 Hz biphasic constant current 1.0 msec square wave pulses, according to standard procedures. The electroencephalogram and afterdischarge (AD) were recorded from the bipolar electrode in the perforant path, which was electronically switched to the stimulator for for delivery of kindling stimulation. On the first day of stimulation, each rat received a stimulus train of 500 A. If an AD was evoked, this intensity was used in subsequent stimulations. If no AD was evoked, the stimulation intensity was increased on subsequent days in a sequence of 500, 700, 900, 1000, 1100, 1200, 1300, and 1400 A until an AD was evoked. The intensity that initially evoked AD was used for subsequent stimulations. If 1400 A failed to evoke AD, stimulation was continued on subsequent days at 1400 A. If AD was evoked by three consecutive stimulations at a given intensity, the stimulation intensity was then decreased in 50 A decrements. At stimulation intensities at or below 500 A, the intensity was decreased in 30 decrements. Similar stimulation procedures have been used in previous studies to deliver stimulation at the lowest intensity required to evoke an AD Cavazos et al., 1991) .
The evoked behavioral seizures were classified according to standard criteria (Racine, 1972; . The mean AD thresholds for the MK801 and the control groups injected with saline were calculated as the average of the initial stimulation intensity that evoked an AD. Mean AD duration was recorded as the time from completion of the stimulus to the end of the primary AD, which was defined by the cessation of the initial train of repetitive spike or spike-wave discharges. Secondary ADs, which are spontaneous spike or spike-wave discharges after the period of baseline suppression after the initial primary AD, were not included in the calculation of AD duration. The differences in mean AD thresholds and durations were analyzed for statistical significance by an ANOVA, and individual comparisons were assessed by the Student's t test.
Histological procedures. Synaptic reorganization of the mossy fiber pathway was evaluated by the Timm method, a histochemical technique that labels the synaptic terminals of the mossy fibers because of their high content of Zn ϩ2 (Danscher et al., 1985) . At least 18 hr after the last seizure, the kindled rats were perfused with 400 ml of 0.4% (w/ v) Na 2 S in deionized H 2 O, followed by fixation with 400 ml of an aqueous solution of 1% (w/ v) paraformaldehyde and 1.25% (w/ v) glutaraldehyde. The brains were removed, immersed overnight in the fixative solution saturated with sucrose, rapidly frozen in dry ice, and cut into horizontal 40 m sections with a freezing microtome. The sections were mounted on gelatin-coated slides and stained by the Timm method and cresyl violet, as described previously (Cavazos et al., 1991) .
Scoring methods for Timm histochemistry. The extent of mossy fiber sprouting and synaptic reorganization in kindled and normal rats was analyzed independently by three observers who were unaware of the identity of each brain section, using a previously published, standardized scoring procedure (Cavazos et al., 1991 . Mossy fiber synaptic reorganization was evaluated by rating the distribution of Timm granules, which correspond to synaptic terminals of the mossy fiber pathway, at a standard location in the supragranular layer of the left and right dorsal (septal) DG (Fig. 1) . The theoretical basis, procedures, and statistical analysis for the scoring method are available in previous publications (Cavazos et al., 1991 .
The distribution of Timm granules in the supragranular region was rated on a scale of 0 to 5 according to the following criteria: 0, no granules between tips and crest of the DG; 1, sparse granules in the supragranular region in a patchy distribution between the tips and crest of the DG; 2, more numerous granules in the supragranular region in a continuous pattern between the tips and crest of the DG; 3, prominent granules in the supragranular region in a continuous pattern between tips and crest, with occasional patches of confluent granules between tips and crest of the DG; 4, prominent granules in the supragranular region that form a confluent dense laminar band between tips and crest; 5, a confluent dense laminar band of granules in the supragranular region that extends into the inner molecular layer.
A Timm score for the standard section of the left and right DG was determined independently by each examiner. Because there were no differences between left and right scores, a Timm score for each rat was calculated by averaging the independently derived scores from the standard sections of the left and right DG of each rat. Mean Timm scores for the MK801 and control groups were analyzed for statistical significance by a one-way ANOVA and by the Student's t test.
RESULTS
MK801 was administered during the initial and advanced stages of kindling to specifically assess the effect of NMDA blockade at particular stages of the kindling process. MK801 was administered during the initiation of kindling (0 -17 ADs group, n ϭ 7), during a later stage of kindling induction (10 ADs to 1 class V seizure group, n ϭ 9), and in fully kindled rats (1-10 class V Seizure group, n ϭ 9). Control groups were injected with saline before each kindling stimulation and received kindling stimulation until 1 class V seizure was evoked (n ϭ 9) or until 10 class V seizures were evoked (n ϭ 8).
Effects of MK801 on AD threshold
The AD is an electrographic seizure reflecting synchronous neural activity. Administration of MK801 0.5 mg/kg 30 min before the initial kindling stimulation increased the mean initial stimulus strength required to evoke AD compared with the saline injected control group (1007 Ϯ 133 A vs 561 Ϯ 42.3 A, p ϭ 0.0003) but did not prevent the development of AD (Table 1) .
In agreement with previous studies (Goddard et al., 1969; Racine et al., 1972) , repeated kindling stimulation produced a gradual, progressive decrease in the stimulus strength required to evoke an AD in the untreated control groups ( p ϭ 0.0001, ANOVA) (see Table 1 ). There was also a trend toward gradual decrease in the group pretreated with MK801 during the initial stages of kindling from 0 to 17 ADs, but the stimulus strength required to evoke the 17th AD in this group remained significantly greater than the initial AD thresholds of the other control groups. There were no significant effects of MK801 on stimulus strength required to evoke an AD in the rats that were pretreated with MK801 after the 10th AD or after the first class V seizure (Table 1) .
Effects of MK801 on AD duration
The duration of each primary AD was measured in each rat, and the sum of the AD durations experienced by each rat was defined as the individual cumulative AD duration. The mean cumulative AD durations for control and treatment groups were calculated from the individual cumulative AD durations and were a measure of the average evoked seizure activity experienced by each group.
In agreement with previous observations (Gilbert and Mack, 1990; Gilbert, 1991; Labiner et al., 1993) , pretreatment with MK801 significantly prolonged the mean cumulative AD duration compared with untreated control groups ( p ϭ 0.0001, ANOVA) (see Fig. 2 , Table 2 ). This effect was observed in the group pretreated with MK801 during the stage of 0 -17 ADs and also in the groups pretreated after the 10th AD and after the first class V seizure. MK801 pretreatment prolonged AD duration during the initial and more advanced stages of kindling, but there were no other consistent differences observed in the ADs of the treated and control groups.
Effects of MK801 on the progression of kindling
The progression of kindling in response to repeated stimulation can be assessed by the number of ADs required to evoke stereotypical behaviors that define the behavioral stages. The number of ADs required to evoke the first generalized tonic-clonic (class V) seizure is frequently used as a measure of the rate of progression of kindling, because this behavioral seizure is particularly easy to identify, and permanent susceptibility to evoked kindled seizures is acquired by this stage.
In the group pretreated with MK801 beginning at the initial stimulation, there was an impairment in the development of class V kindled seizures in response to perforant path stimulation. After 17 stimulations that evoked AD, this pretreated group only reached behavioral class III. In contrast, the saline-injected control group experienced the first evoked class V seizure after a mean of 17.2 Ϯ 1.8 ADs. Although the group pretreated with MK801 experienced nearly identical numbers of evoked ADs and had a longer cumulative AD duration than the saline-injected control group (Table 2 ) ( p Ͻ 0.017), pretreatment with MK801 impaired the progression of kindling to the stage of class V seizures.
MK801 also impaired the progression of kindling when pretreatment was initiated after the 10th AD and was continued until the first evoked class V seizure. In this group, 24.2 Ϯ 1.7 ADs were required to achieve the first class V seizure compared with the untreated control group, which required 17.2 Ϯ 1.8 ADs (Table 2) ( p ϭ 0.012). The impairment of kindling progression could not be attributed to suppression of AD by an antiseizure effect of MK801, because there was no difference in the AD thresholds (Table 1) , and the mean cumulative AD duration was greater in the pretreated groups than in the controls (Table 2) .
It was of interest to determine whether MK801 had an effect on the progression of kindling during later stages of the kindling process. In the group pretreated with MK801 beginning after the first class V seizure, 35.7 Ϯ 1.9 ADs were required to develop 10 class V seizures, whereas the untreated control group required only 29.3 Ϯ 1.6 ADs (Table 2) ( p ϭ 0.024). The untreated control group required fewer ADs than the pretreated group to advance from the stage of 1 to 10 class V seizures (12.5 Ϯ 0.7 vs 20.9 Ϯ 1.2 ADs, p ϭ 0.00004). Before the initiation of MK801 treatment, there was no significant difference between these groups in the number of ADs required to achieve one class V seizure (14.8 Ϯ 2.0 vs 17.5 Ϯ 1.1 ADs, not significant) and no effect of MK801 on AD threshold (Table 1) . MK801 pretreatment impaired the progression of kindling from 1 to 10 class V seizures despite significantly longer mean cumulative AD duration than the untreated group (Table 2) . A, In a saline-injected rat, a perforant path stimulus of 500 A evoked an AD that began with a brief run of high-frequency spike discharges that was immediately followed by repetitive irregular spike and spike-wave discharges that gradually decreased in frequency, which were followed by lower-amplitude featureless activity. The arrow indicates the end of the AD, which had a duration of 43 sec. B, In a rat treated with MK801 30 min before perforant path stimulation, a 1400 A stimulus train evoked an AD that also began with brief high-frequency discharges that evolved into repetitive spike and irregular spike-wave discharges. The arrow at the onset of low-amplitude featureless activity indicates the end of the AD, which had a duration of 64 sec. Calibration bars are for both A and B. Rats pretreated with MK801 had a higher initial AD threshold and experienced ADs of longer duration than salineinjected controls (see text and Table 2 for details).
Effects of MK801 on mossy fiber sprouting
In agreement with previous studies, kindling induced development of Timm granules, which correspond to mossy fiber synaptic terminals, in the supragranular region of the DG (Sutula et al., 1988; Cavazos et al., 1991) . Pretreatment with MK801, which slowed the progression of kindling, also induced a corresponding impairment in the development of the mossy fiber sprouting, as assessed by the scoring methods for Timm histochemistry.
The development of sprouting was impaired in the group that received MK801 beginning with the initial stimulation (Table 2) ( p Ͻ 0.0001, ANOVA). In the saline-injected control group that experienced the first evoked class V seizure after a mean of 17.2 Ϯ 1.8 ADs, the mean Timm score was 3.44 Ϯ 0.29. After 17 ADs, the MK801-pretreated group only reached the behavioral stage of class III, and the mean Timm score was significantly lower (2.43 Ϯ 0.32, p Ͻ 0.032) (compare Fig. 3B and 3C ). In the pretreated group that experienced nearly identical numbers of evoked ADs and had a longer cumulative AD duration than the saline-injected control group, MK801 impaired both the progression of kindling and the development of mossy fiber sprouting.
In the group that was pretreated with MK801 beginning after the 10th AD and continuing to the first class V seizure, the mean Timm score was 3.39 Ϯ 0.22, which was not significantly different from the Timm score of the saline-injected control group that experienced one class V seizure. Although the MK801-treated group experienced more ADs and had a longer mean cumulative AD duration than the control group, the sprouting was comparable in these groups at the stage of one class V seizure (Table 2 ) (compare Fig. 3B and 3D) .
Similarly, in the group that was pretreated with MK801 beginning after the first and continuing to the 10th class V seizure, the mean Timm score was not significantly different from the Timm score of the saline-injected control group that experienced 10 class V seizures. Although the MK801-treated group experienced more ADs and had a longer mean cumulative AD duration than the control group, the sprouting was also comparable in these groups at the stage of 10 class V seizures (Table 2 ) (compare Fig.  4 A and 4 B) .
DISCUSSION
In this study, in vivo administration of the NMDA receptor antagonist MK801 in doses that had minimal or no antiseizure effect impaired the initial development of kindling, impaired the continuing progression of kindling in response to repeated stimulation in fully kindled animals, and concomitantly impaired seizure-induced mossy fiber sprouting. These observations implicated the NMDA receptor as a pivotal component of a signaling cascade that translates the initial transmembrane alterations induced by kindling stimulation into long-term alterations of neuronal structure and function in the DG.
The NMDA receptor dependence of kindling progression
In previous studies, low doses of MK801 impaired the early phase of kindling development but did not have anticonvulsant effects against evoked class V seizures in fully kindled rats (McNamara et al., 1988; Sato et al., 1988; Löscher and Hönack, 1991) . In this study, doses of the maleate salt of MK801 in the range of 0.5 mg/kg also had no antiseizure effect against class V seizures and were not sufficient to prevent ADs in response to a standardized stimulation protocol. This dose, however, delayed but did not prevent the development of class V seizures in response to repeated stimulation and also impaired the rate of progression to more advanced stages of kindling. These observations implicate the NMDA receptor in the progression of kindling.
The low dose of MK801 used in these experiments increased the stimulus strength required to evoke an AD but only during the initial stage of the kindling process. This observation is consistent with the view that the NMDA receptor plays a role in the induction of kindling in response to perforant path stimulation. In normal rats, a substantial component of the perforant pathevoked EPSP in granule cells of the DG is NMDA-dependent (Lambert and Jones, 1991) . The low dose of MK801 increased the initial AD threshold, perhaps by blocking NMDA-dependent synaptic input that contributes to synchronization and the epileptiform AD. Higher stimulation intensities were sufficient to overcome the effects of MK801 and also evoked ADs, but kindling still failed to progress at a normal rate toward class V seizures despite the higher stimulus intensities, repeated ADs, and greater cumulative evoked seizure activity.
In later stages of kindling, pretreatment with MK801 also impaired the rate of progression to more advanced behavioral stages. An antiseizure effect of MK801 is unlikely, because the low dose of MK801 was accompanied by prolonged ADs and increased cumulative electrographic seizure activity, as reported previously (Gilbert and Mack, 1990; Gilbert, 1991) . The mechanisms by which MK801 prolongs AD duration are not clear, but in previous studies, MK801 has increased the number of action potentials generated by granule cells (Labiner et al., 1993) , perhaps by reducing Ca 2ϩ influx through NMDA channels, which would be expected to reduce spike adaptation by reducing Ca 2ϩ -dependent K ϩ conductances. The NMDA receptor dependence of mossy fiber sprouting: association with the progression of kindling Blockade of the NMDA receptors not only impaired the progression of kindling but also impaired induction of mossy fiber sprouting in response to repeated evoked seizures. The effects of NMDA receptor antagonism on kindling progression and mossy fiber synaptic reorganization are summarized in Figure 5 . In the group that was pretreated with MK801 from the initial stimulation until 17 ADs, synaptic reorganization of the mossy fiber pathway was reduced compared with the control group that experienced an equivalent number of ADs. These results suggest that MK801 caused a dissociation between induction of ADs and mossy fiber sprouting despite the overall greater cumulative AD duration in the treated group. The groups pretreated with MK801 at later stages of kindling also experienced more ADs, longer individual ADs, and more cumulative seizure activity than controls, but the extent of mossy fiber synaptic reorganization was comparable at the same behavioral stage of kindling. In groups treated with MK801 during both the initial and more advanced stages of kindling, longer periods of evoked seizure activity were required Figure 4 . A, Higher magnification of the DG in a kindled rat that received once-daily stimulation that evoked 25 afterdischarges and 10 class V secondary generalized tonic-clonic seizures. The supragranular region contains numerous dark Timm granules corresponding to synapses of mossy fiber axons, which form a laminar band ( filled arrows). B, Higher magnification from the same region in a rat that received MK801 before each stimulation after the first class V seizure and continuing until 10 class V seizures were evoked. This rat required 34 afterdischarges to evoke 10 class V seizures. The supragranular region also contains a laminar band of Timm granules ( filled arrows). H, Hilus. Scale bar (shown in A): 100 m. Higher-magnification views of horizontal Timm-stained sections in the standard location in the DG described in Figure 1 . A, Higher magnification of the boxed area in Figure 1 demonstrates the appearance of the supragranular area of the DG from a normal rat, which is not innervated by mossy fiber axons and has few or no dark staining granules (open arrows). B, Higher magnification of the same region in a kindled rat that received once-daily stimulation that evoked 14 afterdischarges and 1 class V secondary generalized tonic-clonic seizure. The supragranular region contains numerous dark Timm granules corresponding to synapses of mossy fiber axons, which form a laminar band ( filled arrows). C, Higher magnification from the same region in a rat that received MK801 before each stimulation until 17 afterdischarges were evoked. Timm granules are present in the supragranular layer ( filled arrows) but are not as prominent as in the untreated rat in B. D, Higher magnification from the same region in a rat that received MK801 before each stimulation beginning after the 10th afterdischarge and continuing until 1 class V seizure was evoked. The supragranular region contains numerous dark Timm granules that form a laminar band ( filled arrows). Untreated rats that experienced 1 class V seizure had comparable mossy fiber synaptic reorganization, as assessed by Timm scores (see Table 2 ). H, Hilus. Scale bar (shown in A): 100 m.
to induce equivalent progression of kindling and comparable synaptic reorganization.
There was a close association between the extent of mossy fiber synaptic reorganization and the behavioral stage of kindling. Kindled rats at the stages of 1 and 10 class V seizures demonstrated comparable synaptic reorganization of the mossy fiber pathway, regardless of the number of ADs or duration of seizure activity required to achieve that stage of kindling. This observation supports the view that mossy fiber sprouting is a cellular alteration that is closely correlated with the kindled state and may contribute to long-term susceptibility to seizures and epilepsy.
This study does not address the possible cellular and molecular mechanisms that underlie the effect of NMDA receptor blockade on kindling progression and mossy fiber sprouting. In particular, it is unclear whether MK801 also reduced seizure-induced neuronal loss, which would be expected to reduce sprouting, or whether a component of seizure-induced sprouting may be dependent on neural activity in the absence of neuronal loss, as suggested by recent studies in mice carrying a null mutation for c-fos (Watanabe et al., 1996) . Kindling to advanced stages eventually induces neuronal loss in the hippocampus (Cavazos and Sutula, 1990; Cavazos et al., 1994) , which is correlated with repeated class V seizures. The pattern of seizure-induced neuronal loss in the hilus of the DG, CA1, and CA3 resembles hippocampal sclerosis (Cavazos et al., 1994) , the most common lesion in human epilepsy (Gloor, 1991) .
The NMDA receptor as a component of the signaling cascade that regulates seizure-induced mossy fiber sprouting Pretreatment with MK801 decoupled evoked electrographic seizure activity from the progression of kindling and the associated seizure-induced cellular alteration of mossy fiber sprouting. Although it is clearly necessary to evoke repeated ADs to induce kindling (Goddard et al., 1969; Racine et al., 1972) , blockade of NMDA receptors during synchronous epileptiform discharges impaired the development of mossy fiber sprouting and possibly other unrecognized cellular alterations that contributed to the long-term susceptibility to evoked and spontaneous seizures that characterize the kindled state.
In a previous study, administration of phenobarbital, which suppressed seizures induced by the glutamate analog kainic acid in rats, also reduced seizure-induced neuronal damage and mossy fiber sprouting in the DG and abolished the increased susceptibility to kindling that follows treatment with kainic acid . That study demonstrated that pharmacological suppression of seizures can modify long-term seizure-induced cellular alterations that may play a role in the development of epilepsy. In this study with MK801 in the kindling model, pharmacological blockade of NMDA receptors during repeated electrographic seizure activity also modified the induction of mossy fiber sprouting and long-term effects of seizures without suppression of seizures. The effect was observed during the initial and more advanced stages of the kindling process and is consistent with the possibility that repeated or sustained activation of the NMDA receptor during seizures sets into motion a signaling cascade that leads to long-term alterations of neuronal structure and function.
The NMDA receptor activates distinct, independently regulated intracellular signaling pathways (Lerea et al., 1992) . The results of this study are consistent with the possibility that NMDA-dependent gene expression induced by repeated seizures contributes to the long-term modification of neuronal structure and function that characterizes the kindled state. Of particular interest is the implication of a potentially specific role of the NMDA receptors (Dürnmüller et al., 1994) in the generation of long-term seizure-induced functional and structural cellular alterations such as sprouting. The effects of NMDA receptor blockade on both kindling progression and sprouting during early and later stages of kindling suggest that the NMDA receptor contributes to activity-dependent, long-term modification of neuronal structure and function throughout the kindling process. Although there is substantial direct evidence that the NMDA receptor regulates patterning of neural circuitry in development (Cline and Constantine-Paton, 1990; Shatz, 1990) and plays a role in activitydependent plasticity such as long-term potentiation in the adult brain, it has not been clear that the NMDA receptor continues to influence patterning of circuitry in the adult nervous system. The results of this study provide evidence that the NMDA receptor continues to regulate formation and patterning of connections formed by reactive synaptogenesis in the adult nervous system.
The repeated brief seizures evoked by kindling, which resemble human partial complex seizures and induce epilepsy, also induce memory deficits that are similar to the memory dysfunction observed in human epilepsy (Sutula et al., 1995) . The effectiveness of MK801 in preventing long-term, potentially deleterious modifica- Figure 5 . Summary of the effects of MK801 on the kindling rate and mossy fiber synaptic reorganization for groups of control rats and rats treated with MK801. The kindling rate was expressed as the mean number of afterdischarges, and mossy fiber synaptic reorganization was assessed by mean Timm scores. The error bars indicate the SEM for each group; *, versus Timm score for CONTROL 1 CL V, p ϭ 0.032; **, versus kindling rate for CONTROL 1 CL V, p ϭ 0.012; ***, versus kindling rate for CON-TROL 10 Cl V, p ϭ 0.024.
